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a b s t r a c t

We developed methodology and built a portable reader to assess light transmittance in paper-based
microfluidic devices in a highly sensitive, user-friendly and field-appropriate manner. By sandwiching
the paper assay between micro-light-emitting diodes and micro-photodetectors, the reader quantifies
light transmittance through the paper independent of ambient light conditions. To demonstrate the util-
ity of the reader, we created a single-use paper-based microfluidic assay for measurement of alanine
aminotransferase, an indicator of liver health in blood. The paper assay and reader system accurately
differentiated alanine aminotransferase levels across the human reference range and demonstrated sig-
nificant differences at clinically relevant cutoff values. Results were provided within 10 min and were
automatically generated without complex image analysis. Performance of this point-of-care diagnostic
rivals the accuracy of lab-based spectrometer tests at a fraction of the cost, while matching the timeliness
of low-cost portable assays, which have historically shown lower accuracy. This combination of features
allows flexible deployment of low cost and quantitative diagnostics to resource-poor settings.

� 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microfluidic paper-based analytical devices (l-PADs) with col-
orimetric readouts have gained popularity as low-cost, rapid diag-
nostic tools [9,13]. Scientists have developed l-PADs for a wide
range of functions, from rapid point-of-care measurement of liver
enzyme levels to routine evaluation of heavy metal contamination
in reservoir water [17,20]. While these devices can provide highly
accurate and sensitive diagnostic information, they are often
highly multiplexed with complicated geometries and multi-color
readout [5,9,10,16,20]. Further, color development may depend
on time, temperature and humidity.

The increasing complexity of colorimetric l-PADs, which makes
visual interpretation of results challenging, necessitates the devel-
opment of novel methods for data acquisition. Towards enhancing
the objectivity and quantitative value of results, researchers have
employed light reflectance measurements using line scan readers,
charge-coupled device (CCD)-based readers, smart phone cameras
and variations thereof [8,11,12,14,20,21]. However, the nature of

light reflectance measurements, which obtain information from
only the light absorbing particles in the top 10–20 lm of the paper,
may artificially limit l-PAD sensitivity [22].

With paper thicknesses commonly ranging from 50 to 400 lm,
light transmission measurements offer enhanced accuracy and
sensitivity by interrogating the cumulative density of light absorb-
ing particles throughout the thickness of the paper [7]. Further,
sensitivity may be tuned by layering sheets of paper to create dif-
ferent thicknesses [6]. However, user-friendly methods to quantify
colorimetric results in l-PADs using light transmission have not
been demonstrated due to several technical challenges concerning
the paper substrate and sample matrix. Foremost, dry white paper,
depending on its thickness and density, strongly reflects light
resulting in less than 25% of incident light being transmitted
through the paper [1]. This limits the possible range of light inten-
sity differences that can be directly caused by concentration
changes in the l-PADs. To enhance the percent of incident light
that is transmitted through paper, the paper may be wetted.
Previous groups have saturated the l-PAD with vegetable oil, how-
ever, this may be cumbersome in a point-of-care setting [6].
Further, because light transmission directly depends on the damp-
ness of the paper, the l-PAD must be kept uniformly wet over the
time period of the assay [3]. This is difficult because the small
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sample volumes quickly evaporate from the large surface area of
the paper and because paper as a substrate is variable. Across a sin-
gle sheet of paper, thickness and fiber density may vary up to 5%,
altering light transmission and wetting [1]. In addition to the
intrinsic properties of paper, the hematological traits of biological
samples may cause difference in their light absorption capacity
and viscosity. These variations can cause disparities in the degree
of wetting, the capillary flow rate, and ultimately the light trans-
mission through the l-PAD.

To overcome these technical challenges and enable light trans-
mission measurement of colorimetric l-PADs in a user-friendly
manner, we developed novel methodology in three areas. First,
we sealed l-PADs to limit evaporation at the test areas and stabi-
lize light transmission properties over the time period of the assay.
Second, we designed and built a highly sensitive reader to measure
light transmittance from multiplex assays. We demonstrate a por-
table reader in which a paper-based assay is sandwiched between
micro-LEDs and micro-photodetectors. The reader works indepen-
dent of different light conditions, has a miniaturized and multi-
plexed format, automatically generates transmittance values that
do not require image analysis and is made of affordable parts.
Third, we developed procedures for reader calibration and data col-
lection. These procedures effectively normalize differences in light
transmittance arising from paper and sample variability.

This paper details the engineering of our transmittance-based
reader system and presents evidence of its function through rapid
assessment of liver function using quantification of alanine amino-
transferase (ALT) concentrations in human serum. Section 2
describes the manufacturing of the reader-compatible l-PAD, the
engineering theory, components and function of the reader, and

the alignment and calibration techniques employed for measure-
ments. Section 3 uses the l-PAD and reader for quantification of
ALT in human serum samples and compares the sensitivity of the
system to a scanner-based method. Sections 4 and 5 discuss results
and provide conclusions and future directions.

2. Materials and methods

2.1. Paper microfluidics

While l-PADs have previously been developed to measure ALT
levels in plasma and blood, they contained multiple layers and
were optimized for visual interpretation and semi-quantitative
analysis of results [18]. To create an ALT assay that is compatible
with our transmittance-based reader, we developed a device
consisting of a single-layer of paper (Fig. 1a). In our new layout,
each device consisted of a single sample port area and four arms,
each comprising a channel leading to a circular storage zone and
a circular read zone. We incorporated separate storage and read
zones because prior work indicated that spatially separating the
enzymes and substrates in two different areas enhanced the stabil-
ity of the device. The storage zones and read zones were both
3 mm in diameter to allow adequate deposition of reagents and
adequately encircle the 1.5 mm � 1.5 mm LEDs/PDs (Fig. 1b). To
manufacture the devices, we created the device pattern in Adobe
Illustrator CS3 and printed the pattern on Whatman No. 1 chro-
matography paper (GE Healthcare) using a ColorQube 8870 printer
(Xerox) [4]. Each sheet of assays was passed through an EconRed I
oven (Vastex International) at 204 �C to melt the wax into the
paper and create the hydrophobic barriers.
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Fig. 1. Paper assay design. (a) The assay consisted of a single paper layer enclosed by top and bottom laminate layers. (b) The wax-printed paper layer consisted of a sample
port and four individual arms. Each arm had two circular areas, a storage zone where reagents were dried on the paper and a read zone where color developed. After serum
was applied to the sample port, capillary forces in the paper rapidly distributed the serum into the four individual arms of the assay filling up the storage zone and read zone
consecutively. (c) Equations of chemical reactions (1–3) used to form a blue dye complex at a rate that corresponds with the ALT concentration in the applied serum. Alanine
transaminase (ALT), pyruvate oxidase (PO), thiamine diphosphate (TPP), 4-aminoantipyrine (4-AAP) and N-ethyl-N-(2-hydroxy-3-sylfopropyl)-3,5-dimethoxyalanine (DAOS).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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